Recent efforts in genomic research have enabled the characterization of molecular mechanisms underlying many types of cancers, ushering novel approaches for diagnosis and therapeutics. Melanoma is a molecularly heterogeneous disease, as many genetic alterations have been identified and the clinical features can vary. Although discoveries of frequent mutations including BRAF have already made clinically significant impact on patient care, there is a growing body of literature suggesting a role for additional mutations, driver and passenger types, in disease pathophysiology. Although some mutations have been strongly associated with clinical phenotypes of melanomas (such as physical distribution or morphologic subtype), the function or implications of many of the recently identified mutations remains less clear. The phenotypic and clinical impact of genomic mutations in melanoma remains a promising opportunity for progress in the care of melanoma patients.
T
here have been many recent advances in our understanding of melanoma, from a greater appreciation of epidemiologic trends and risk factors to an increased understanding of the molecular genomics and biology of melanoma. Studies suggest that a number of molecularly distinct changes have a role in the pathophysiology of melanoma, and melanomas encompass a heterogeneous group when considering many known genomic alterations and diverse clinical phenotypes. To date, there are clinical subtypes or "phenotypes" of melanoma that are associated with specific genomic changes, in addition to many identified genomic mutations that lack a clear clinical correlation.
Genomic studies are able to inform us about the disease phenotype, in addition to improving our understanding of disease pathogenesis. The various phenotypes of melanoma are characterized by clinical features, such as bodily distribution or risk factors. Cutaneous, uveal, acral, and mucosal melanomas ( Fig. 1 ) have divergent clinical courses and are associated with distinct mutations, and risk factors such as skin phototype or UV exposure pattern are also associated with distinct alterations in genetic mutations. A melanoma phenotype can also be classified based on histopathologic morphology such as superficial spreading, nodular, desmoplastic, etc. In this review, we examine a number of genomic mutations that are associated with this molecularly heterogeneous disease while reviewing the known genotype -phenotype associations of malignant melanoma and use of genomic information for the treatment of malignant melanoma.
MELANOMA EPIDEMIOLOGY
Melanoma is an aggressive malignancy borne of melanocytes, the pigment-generating cells of the skin. Malignant melanoma is responsible for 60% of deaths from skin cancers, and both incidence and prevalence of this disease have increased over the past few decades; meanwhile, overall mortality rates have remained somewhat stable. According to the American Cancer Society's projections, in 2013, an estimated 76,690 new cases of malignant melanoma will be diagnosed (in addition to 61,300 cases of melanoma in situ), with a projection of 9480 deaths from malignant melanoma (Siegel et al. 2013 ). Melanoma is one of only a few cancer types profiled with a projected increase in incidence in 2013 among both men and women (Siegel et al. 2013) .
With increased incidence of melanoma has come a greater interest and appreciation of risk factors for disease. Major risk factors for melanoma include exposure to UV radiation, family history, nevi (dysplastic, large number, or giant congenital nevi), increased age, fair skin phototype, occupation, and body mass index (Rigel 2010) . Intrinsic risk factors, such as genetic and Figure 1 . Clinical melanoma phenotypes. (A) A patient with multiple clinically atypical moles. Because 80% of all acquired nevi harbor BRAFV600E mutations, hundreds of BRAF-activating events occur in such nevi-prone individuals without progression to melanoma. It is thought that melanocyte growth arrest results from oncogene-induced senescence. Common forms of cutaneous melanoma include (B) superficial spreading melanoma, which is known to harbor BRAF or NRAS mutations, and (C) acral lentiginous melanoma, which can be driven by KIT mutations. (D) Ocular melanomas are associated with activating GNAQ/GNA11 mutations and inactivating changes in the BAP1; patients with germline BAP1 mutations also show a higher risk of both cutaneous and ocular melanomas and develop unique nevoid-melanoma-like melanocytic proliferations (BAPoma) on the skin (E). (Ocular melanoma courtesy of Ivana Kim, Mass Eye and Ear Infirmary. Figure based on modified data from Tsao et al. 2012.) phenotypic predisposition, are inherent to the patient and cannot be modified; however, it is important to identify patients who have increased risk so they can adjust behaviors and exposures to extrinsic risk factors. Extrinsic risk factors include environmental, behavioral, or exposures that can be minimized, such as occupation and UV exposure, recreational tanning, medications, and chemical exposures.
MELANOMAGENESIS
The inciting events for melanoma pathophysiology are not well understood. Melanocytes over time can aggregate and form "nests" to create a nevus. Historically, it was thought that nevi undergo changes that lead to dysplastic features and potential evolution to melanoma. However, in most melanomas, there is no evidence of a preexisting nevus. On histopathologic diagnosis of melanoma, the frequency of the presence of a nevus component reported in the literature ranges from 10.8% to 57.6% (Crucioli and Stilwell 1982; Sagebiel 1993) , although it is possible that the detection of preexisting nevus is limited by sampling or limitations in assessment, as suggested by the wide range. The molecular trigger for de novo or transformative initiation of a melanoma is not known.
The clinical course of a melanoma is dependent on growth control, which can be examined on a cellular level, and provides insights regarding the genes and pathways that are mutated or otherwise disrupted in melanoma. A number of genes and signaling pathways are involved in cellular proliferation and growth, and have been implicated in the pathophysiology of melanoma as described in detail below and depicted in Figure 2 . At the surface of melanocytes are growth factor receptors that are stimulated by growth factors or other ligands to trigger proliferation and division of cells. Many growth factors and molecular signals act via members of the tyrosine kinase family, which trigger a variety of signaling cascades including NRAS, BRAF, and PI3K, to activate signals for survival, proliferation, etc. In contrast, there are a number of brakes for proliferation (such as p16) and damage checkpoints ( p53) that can be mutated to allow proliferation and growth to proceed without regulation.
On a tissue level, the growth and clinical behavior of a melanoma is likely dependent on the local environment, including fibroblasts, vascular supply, and immune system. Melanoma, like all tumors, is dependent on angiogenesis for blood supply, the local matrix and stroma that may enable growth, invasion, or metastasis, and interplay with immune cells such as lymphocytes that circulate, recognize, target, and potentially eliminate tumors.
Each of these cellular, tissue, or environmental factors may contribute singly or in concert to the onset or progression of melanoma, as evidenced by genetic mutations that have been identified among melanomas. It is interesting to note the associations of specific mutations with clinical phenotypes, whether behavioral, hereditary, or associated with melanoma, at a specific distribution on the body. Some genomic mutations may actively promote oncogenic behavior ("driver mutations"), compared to others that are biologically silent ("passenger mutations"), which may suggest carcinogenic exposure while not actively contributing to a cell's malignant behavior. The genomics of melanoma have also been important in the development of therapies to target driver mutations, a strategy that is becoming increasingly important in the era of personalized medicine.
MELANOMA PHENOTYPES WITH KNOWN GENETIC ASSOCIATIONS Loci Associated with Hereditary Melanomas
Germline melanoma susceptibility and prognostic genes were the subject of a recent comprehensive review by Ward et al. (2012) that highlighted high-penetrance genes (CDKN2A and CDK4), moderate penetrance genes (MC1R, discussed below), and reviewed the literature for low-penetrance genes, which have higher prevalence in the population and less profound effects on melanoma risk. The low-penetrance candidate melanoma susceptibility and prognostic genes include 51 genes that are relevant to pigmentation/nevus count, the immune-mediated response to tumors, DNA-repair, metabolism, and vitamin D receptor polymorphisms, as summarized in Table 1 . Many of these variants were derived from genome-wide association studies and have yet to be credentialed on a functional level. We will thus focus on some of the higher-penetrance genes that have been described.
Approximately 10% of newly diagnosed melanoma patients have an affected primary family member (de Snoo and Hayward 2005) . Such cases may represent familial melanomas with germline mutations, and the best-characterized familial mutations involve the p16 pathway, which regulates the cell cycle. Among patients with the familial atypical multiple mole melanoma syndrome, there is early onset of disease, development of multiple primary melanomas, and increased numbers of clinically atypical nevi.
The cyclin-dependent kinase inhibitor 2A (CDKN2A) gene locus encodes tumor-suppressor proteins ( p16 and p14), which function in cell-cycle arrest. Mutations in p16 have been identified in 41% of familial cutaneous melanoma cases (Goldstein et al. 2006) . More than 30 variants of p16 pathway mutations in familial melanoma samples have been detected using a microsphere-based array assay (Lang et al. 2011) .
Patients with CDKN2A mutations carry an increased risk of melanoma of 70% over their lifetimes (de Snoo and Hayward 2005) , along with increased risk of pancreatic cancer, nervous system tumors, and uveal melanoma (Goldstein et al. 2006) . The prevalence of CDKN2A mutations is higher among the Greek population (which has a relatively low baseline risk of melanoma) compared to other reported cohorts, suggesting the strength of genetic factors in melanomagenesis (Nikolaou et al. 2011 The cyclin-dependent kinase 4 (CDK4) gene locus encodes an enzyme that is inhibited by binding of p16 and is also found to be mutated among clusters of melanoma families (Zuo et al. 1996) , although CDK4 mutations are more rare than CDKN2A gene mutations. A study of 17 known families with CDK4 germline mutations showed that there are no phenotypically distinguishing features from CDKN2A families (Puntervoll et al. 2013) . Several other more rare hereditary conditions confer an increased risk of melanoma and one of the best studied is xeroderma pigmentosum, a rare autosomal dominant disease caused by mutation of one of eight nucleotide excision repair pathway genes. Nucleotide excision repair is critical for the body's response to UVinduced damage, and impairment of this pathway confers a 1000-fold increase of skin cancers including melanoma (Budden and Bowden 2013) . Germline mutations in the BRCA1-associated protein 1 gene (BAP1) predispose to melanocytic tumors (Wiesner et al. 2011 ) and have been identified in patients with melanomas, melanocytic BAP1-mutated atypical intradermal tumors, and malignant mesotheliomas (Carbone et al. 2012) . A syndrome showing cutaneous/ocular melanoma, atypical melanocytic proliferations, and other internal neoplasms (COMMON syndrome) is associated with germline-inactivating mutations of BAP1 (Njauw et al. 2012) . A cutaneous proliferation of this syndrome, a "BAPoma," is depicted in Figure 1E .
Heritable Variants that Modulate Pigmentation and Melanoma Risk
The melanocortin 1 receptor (MC1R) gene encodes a G-protein-coupled receptor that activates adenylate cyclase to up-regulate microphthalmia-associated transcription factor (MITF) on binding of a-melanocyte stimulating hormone (a-MSH), thereby regulating the production of pigment (Garcia-Borron et al. 2005) . MC1R is known to have variant alleles that are responsible for physical features including red hair, pale skin, inability to tan, and a tendency to freckle. These features are classified as Fitzpatrick skin phototype I, and MC1R variants are found in .80% of such individuals (Valverde et al. 1995) .
The variant MC1R pigmentary phenotype confers an extrinsic environmental melanoma risk factor for these patients, as they are especially susceptible to UVexposure and sunburns. A lifetime of intermittent intense UV exposure is associated with BRAF mutation-containing melanomas, described in greater detail below. Among an Italian cohort, patients with one or two MC1R variants were found to have a five-to 15-fold increased risk of BRAF-mutant melanomas regardless of actinic damage, and there were no BRAF-negative melanomas among this pop- ulation . Landi et al. (2006) found BRAF mutations among .80% of patients with two variant MC1R alleles, compared to only 30% of patients with wild-type MC1R. MC1R variant alleles were found to be significant among Fitzpatrick skin phototype I patients, such that the presence of three active MC1R alleles (R151C, R160W, and D294H) confers a doubled risk of melanoma for each active allele a patient carries. This increased risk is also observed among medium-and darkskinned individuals who carry one of these three variant MC1R alleles (Palmer et al. 2000) .
MC1R variants likely play a role in melanoma pathogenesis by both pigmentary and nonpigmentary mechanisms (such as generation of reactive oxygen species). A meta-analysis of nine MC1R variants identified associations with melanoma without relation to pigment (Raimondi et al. 2008 ). MC1R mutations have been shown to confer increased melanoma risk independent of UV exposure (Mitra et al. 2012 ), which suggests a separate mechanism of carcinogenesis. Mitra et al. (2012) used a mouse model to show that the selective absence of pheomelanin synthesis was protective against the development of melanoma, and their data suggest that pheomelanin is carcinogenic because of increased oxidative damage. As a transcription factor, MITF has an important role in regulating the expression of downstream proteins that are relevant in melanoma. One such example is BCL2A1, a BCL2 family member that is amplified in 30% of melanomas, has a role in promoting melanomagenesis in vitro, and protects against apoptosis (Haq et al. 2013 ). Expression of BCL2A1 was shown to correlate with poorer clinical responses to BRAF inhibitors (Haq et al. 2013) , which illustrates the complex relationship of MITF, BCL2 family member regulation of apoptosis, and clinical response to mitogen-activated protein kinase (MAPK)-pathway inhibition, which is described in further detail below.
Although treatments have not been developed to target the increased melanoma risk conferred by MC1R mutations, it has been suggested that novel MSH compounds may be used as radiolabeled peptides for therapeutic targeting of MC1R, which is overexpressed in melanoma and showed promising in vivo targeting features (Eberle et al. 2010) .
The downstream MITF transcription factor is a lineage-specific master regulator of melanocyte development, which is amplified in 20% -40% of metastatic melanomas (Garraway et al. 2005; Gast et al. 2010) . The MITF E318K variant was found to alter the sumoylation pattern of MITF and predispose carriers to familial and sporadic melanoma. Furthermore, this risk allele is associated with multiple primary melanomas, positive family history, increased numbers of nevi, and nonblue eye color (Yokoyama et al. 2011) .
Somatic Changes Associated with Common Forms of Melanoma

Evidence for UV Mutagenesis
Although UV radiation is strongly associated with an increased risk of melanoma, and an intermittent UV radiation exposure pattern is associated with BRAF mutation (described further below), it is interesting that signature UV mutations ( pyrimidine dimers) are identified less frequently within mutated oncogenes in melanomas compared to nonmelanoma skin cancers, and the most common BRAF mutations do not harbor characteristic pyrimidine dimer mutations despite a posited role for UV exposure in melanomagenesis. Whole genome sequencing of a human melanoma, which was compared to a matched lymphoblastoid cell line from the same patient, identified thousands of mutations, many of which were pyrimidine dimers that suggested UV exposure (Pleasance et al. 2010 ). However, relatively few mutations were identified within gene-coding regions, suggesting that the UV-signature mutations did not impact the melanoma's driver mutations, but were more prevalent among passenger mutations. This could be explained by an active transcription-coupled nucleotide excision repair system, a statistical artifact based on a single patient or method of sequencing, or alternative sources of mutagenesis such as reactive oxygen species are more relevant than UV in melanomagenesis.
A 2012 comprehensive permutation-based analysis of driver mutations used a new framework to control for gene-specific basal mutation rates and explored the effect of misrepair of DNA damage attributed to UV-exposure, specifically identifying C . T (UVB-associated) and G . T (UVA-associated) mutations. The investigators found that among 262 driver mutations in 21 genes, 46% were caused by UV-associated mutations, and the percentage increased to 67% when driver mutations in BRAF or NRAS were excluded (Hodis et al. 2012) , and this approach identified six novel melanoma genes (PPP6C, RAC1, SNX31, TACC1, STK19, and ARID2). These results suggest that functionally activating events (e.g., BRAF circa 1799 G . A) are structurally constrained and highly codon specific. In other words, random UVinduced mutations along BRAF are likely to inactivate, rather than activate, the BRAF protooncogene and are thus ineffective in stimulating cancer growth. On the other hand, tumor suppressors, such as CDKN2A and TP53, tend to harbor widespread deleterious changes caused by random UV mutagenesis (Hocker and Tsao 2007) .
To more specifically examine sun-exposed melanomas, a sequencing study of exomes of 147 melanomas enabled the identification of markedly increased signature UV mutations (C . T somatic mutations) among sun-exposed melanomas in comparison to acral, mucosal, and uveal melanomas that are generally shielded from UVexposure (Krauthammer et al. 2012) .
BRAF
Mutation of the BRAF gene is associated with melanomas occurring on skin with little histopathologic evidence of chronic sun damage (such as solar elastosis), and is more often found among younger patients with intermittent intense sun exposure (Junkins-Hopkins 2010). BRAF encodes a serine/threonine protein kinase that is an important regulator of the RAS/ RAF/MAPK/extracellular signal-regulated kinase (ERK) signaling pathway (Fig. 2) that impacts cellular proliferation, differentiation, and survival among many diverse cellular functions. In 2002, mutations in BRAF were discovered to be harbored among a range of human cancers, including malignant melanoma (Davies et al. 2002) .
More than 60% of cutaneous melanomas harbor a mutation in BRAF (Smalley 2010) and, among these, more than 80% feature the specific V600E amino acid substitution mutation (Davies et al. 2002) . This mutation causes constitutively active kinase activity and activation of MEK and ERK signaling. BRAF mutations are most often found among patients without chronic actinic damage (Curtin et al. 2005) , and with a younger age (6 vs. 63 years old) on diagnosis of distant metastasis (Long et al. 2011) .
Although the prevalence among melanomas makes the BRAF mutation an appealing therapeutic target, interestingly, BRAF mutations are also found among banal nevi. In 2003, Pollock et al. (2003) identified BRAF mutations among 80% of primary melanomas, 68% of melanoma metastases, and 82% of nevi tested suggesting that the activating BRAF mutation may have a role in initiation of melanocytic proliferation, but is not sufficient for melanomagenesis. Consistently, BRAF mutations have been identified in 85% of 20 eruptive melanocytic nevi that underwent BRAF sequencing (John and Smalley 2011) .
Despite the fact that BRAF mutations are found among banal melanocytic proliferations, the selective inhibition of mutated BRAF showed promise in initial studies treating patients with metastatic melanoma, with complete or partial tumor regression among the majority of patients treated (Flaherty et al. 2010) . A phase III study of vemurafenib, a Food Drug Administration-approved inhibitor of V600E, compared to conventional chemotherapy with dacarbazine showed improvement in overall survival (6-mo survival of 84% vs. 64%) and prolonged progression-free survival (5.3 vs. 1.6 mo) . Longer-term follow up studies revealed a mean overall survival time of 16 mo among patients undergoing treatment with vemurafenib , although disease recurrence is noted as novel resistance pathways such as selection for (or acquisition of ) additional mutations have limited the long-term effectiveness of vemurafenib (Fedorenko et al. 2011) .
Tumor genomic profiling has been proposed as a technique to identify resistance pathways to BRAF inhibition in melanoma and was used to identify MEK1 downstream kinase mutation as a mechanism for therapeutic resistance (Wagle et al. 2011) . MAP kinase kinase (MEK, MAP2K) is an important downstream signaling member that yields ERK phosphorylation and cell-survival signals. The most prevalent MEK mutations cause constitutive phosphorylation of ERK and were identified among 8% of melanomas (Nikolaev et al. 2012) . Other mechanisms of secondary resistance include mutational activation of NRAS (Nazarian et al. 2010 ), emergence of a PLX-resistant alternative BRAF splice product (Poulikakos et al. 2011) , and BRAF amplification (Shi et al. 2012 ). Additionally, activation of various receptor tyrosine kinases, such as platelet-derived growth factor receptor (PDGFR) (Nazarian et al. 2010 ), IGF-1R (Villanueva et al. 2010), and FGFR3 (Yadav et al. 2012) has also been reported.
Recently, combinations of therapies targeting both BRAF and MEK have been used to improve outcomes. A phase III trial of 322 patients with metastatic melanoma harboring activating V600 mutations in BRAF showed that trametinib (a selective MEK inhibitor) improved the rates of progression-free survival (4.8 vs. 1.5 mo) and overall survival at 6 mo (81% vs. 67%) compared to patients receiving chemotherapy with dacarbazine or paclitaxel (Flaherty et al. 2012b ). The combination of BRAF and MEK inhibition among patients with metastatic melanoma and BRAF V600 mutations was studied in phase I and II trials of combinations of dabrafenib (a BRAF selective inhibitor) and trametinib, which were found to be safely combined with improvement of progression-free survival (9.4 vs. 5.8 mo) and improved rate of complete or partial response (76% vs. 54%) compared to monotherapy with dabrafenib (Flaherty et al. 2012a) .
Although combinations of targeted therapies may improve overall response, it is important to note that many of the relevant oncogenic signals converge on common cellular pathways, such as MAPK and PI3K. Wilson et al. (2012) postulated that receptor tyrosine kinase ligands upstream of targeted pathways may provide a resistance mechanism and showed that hepatocyte growth factor confers resistance to vemurafenib in BRAF-mutant cells. In this manner, an increase of any receptor tyrosine kinase ligand upstream of a targeted pathway may confer resistance to inhibitors.
G-Regulatory Proteins
G-regulatory proteins of the RAS family are activated by guanosine-5 0 -triphosphate (GTP) binding and interact with many signaling pathways in the cell, including MAPK and PI3K pathways (Fig. 2) , to cause diverse cellular outcomes including cell-cycle-progression and survival signals. In addition to the GNAQ and GNA11 G-regulatory protein encoding genes associated with ocular melanoma described in detail below, mutations in RAS proteins causing constitutive activation have been identified in melanoma. NRAS mutations were identified in 18% of melanomas (Lee et al. 2011) , although NRAS mutations are also found in a large number of congenital nevi (Bauer et al. 2007 ). Although some associate NRAS mutations with chronic actinic damage and nodular melanomas, NRAS mutations were not found to be specific for a melanoma subtype and were noted among melanomas from non-sun-damaged skin (Curtin et al. 2005) . The majority of RAS mutations in melanomas are NRAS mutations, although the Sanger Institute's COSMIC database reports HRAS and KRAS mutations in melanomas at low frequency (cancer.sanger.ac .uk/cancergenome/projects/cosmic/).
NRAS mutations are generally found among melanomas without BRAF mutations (Curtin et al. 2005) , and activating mutations in NRAS confer resistance to BRAF-targeted therapy, as reviewed elsewhere (Nikolaou et al. 2012) . Although direct inhibition of mutant NRAS has not been effective, the targeting of downstream pathways such as MAPK pathway inhibitors may prove to be a useful treatment strategy in the future. Studies in melanoma cell lines suggest that combined targeting of MEK and PI3K/AKT/mammalian target of rapamycin (mTOR) pathways is needed to effectively inhibit NRAS-mutant melanoma, and may provide an alternative therapeutic approach (Posch et al. 2013 ).
An activating mutation in RAC1, which encodes a small G-protein member of the Rac subfamily of Rho GTPases that regulates cellular events including activation of protein kinases and cell growth, has also been described. The RAC1 activating mutation was identified among 9.2% of sun-exposed melanomas (Krauthammer et al. 2012) . A zebrafish model showed that a constitutively active RAC1 mutant was unable to initiate melanocyte neoplasia, independently or when combined with the BRAF-V600E mutation; however, the RAC1-activating mutant was able to accelerate tumor nodule formation, in concert with the overexpression of Rac activator T-cell lymphoma invasion and metastasis 1 (Tiam1), which is overexpressed in melanomas of both zebrafish and humans (Dalton et al. 2013) . In vitro studies suggested that mutated BRAF regulates Tiam/ Rac activity to modulate cadherin levels and facilitate melanoma invasion (Monaghan-Benson and Burridge 2012).
CELL-SURFACE RECEPTORS
A number of tyrosine kinases have been implicated in melanoma pathophysiology, including c-Kit (as described above), ERBB family members, Ephrin type-A receptor 2 (EphA2), and PDGFR), along with nonreceptor tyrosine kinases such as Src family kinases and GRIN21/ GRM3.
In 2009, mutational analysis of the protein tyrosine kinase gene family in melanoma allowed the identification of 30 somatic mutations of kinase domains of 19 protein tyrosine kinases, revealing ERBB4 mutations in 19%, and FLT1 and PTK2B mutations in 10% of patients with melanomas (Prickett et al. 2009 ). A recent screen of 109 melanomas, including cell lines, primary melanomas, and paired metastases, indicated that ERBB4 mutations were found in 21% of melanoma cell lines, 2.1% of primary melanomas, and 3.6% of melanoma metastases, corresponding to one patient, and suggesting that ERBB4 melanoma mutations may be rare (Manca et al. 2013) .
Additional ERBB family members have also been implicated in melanoma. ERBB2 and ERBB3 are tyrosine kinase receptors that are activated by neuregulin-1 and have been found to be mutated in melanoma cell lines, promoting cell growth and survival in in vitro studies (Zhang et al. 2013) .
The epidermal growth factor receptor and nonreceptor tyrosine kinase Src family kinase-STAT3 signaling pathway are up-regulated in cell lines that are resistant to BRAF inhibitors, and this pathway was found to stimulate invasion and metastasis and may potentially mediate resistance (Girotti et al. 2013) .
The receptor tyrosine kinase PDGFR is not known to be mutated in melanoma; however, PDGFR-b may underlie a mechanism of resistance to BRAF-targeted therapies. Shi et al. (2011) used in vitro assays to show that melanoma cells resistant to BRAF targeted therapies via PDGFR-b had up-regulation of phosphorylated ERK and AKT, and showed cross talk with the PI3K/AKT/mTOR and MAPK pathways.
EphA2, a member of the Eph family of receptor tyrosine kinases, is highly expressed by melanoma, up-regulated by UV radiation, able to induce apoptosis, and thought to potentially be able to uncover an aggressive melanoma population (Udayakumar et al. 2011 ). Evidence supporting a role for EphA2 in tumorigenesis includes in vitro studies in which the down-regulation of EphA2 resulted in reduced invasion, proliferation, clonogenicity, and vasculogenic mimicry; analysis of a panel of human melanoma tumor cell lines showed a correlation between EphA2 expression and metastatic potential (Margaryan et al. 2009 ).
Glutamate receptors are nonkinase receptors that have been associated with tumor progression, and exon capture analysis has implicated mutations of these receptors in melanoma. GRIN2A, which encodes an ionotropic ligandgated glutamate receptor, was mutated in 33% of melanoma samples . GRM3, which encodes a G-coupled glutamate receptor, was found to be mutated in 16.3% of melanoma samples, and to regulate MEK phosphorylation . In vitro experiments using selumetinib (a selective inhibitor of MEK1/2) caused death of mutant GRM3 melanoma cells , suggesting a role for MEK inhibition among melanomas with GRM3 mutations.
PI3K/AKT/mTOR PATHWAY MUTATIONS
Similar to the MAPK signaling pathway above, the PI3K/AKT/mTOR pathway is a crucial cellular signaling pathway that promotes growth and survival. Although no PI3K mutations have been identified in melanoma, downstream component Akt3 and PI3K negative-regulator PTEN have been implicated in melanoma. In addition, a somatic mutation-profiling study reported novel PI3K pathway mutations in melanomas, including MTOR, IRS4, PIK3R1, PIK3R4, PIK3R5, and NFKB1 (Shull et al. 2012) .
AKT family member activation mutations are found in up to 43% -60% of melanomas (Stahl et al. 2004 ). Akt3 was found to be the predominantly active isoform that is increased among primary and metastatic melanomas compared to dysplastic nevi (Stahl et al. 2004) , and comparative genomic hybridization showed amplifications of AKT among melanomas (Bastian et al. 1998 ). Dysregulation of tumor suppressor PTEN also impacts the PI3K/ AKT/mTOR pathway in melanomas by up-regulating PI3K signaling. Loss of PTEN expression was noted in 38% of primary and 58% of metastatic melanomas (Birck et al. 2000) . Mutations in PTEN are found concurrently with mutations in BRAF, but not NRAS, which is able to independently activate PI3K signaling as described above (Tsao et al. 2004 ). Regulators of PI3K pathway members also impact melanomagenesis. PREX2 is a PTEN-regulating protein that was found to accelerate tumor formation of in vivo immortalized human melanocytes (Berger et al. 2012) . PREX2 was first identified on sequencing of genomes of 25 metastatic melanomas and matched germline DNA; PREX2 was subsequently identified in 14% of an independent extension cohort of 107 human melanomas (Berger et al. 2012) .
PI3K pathway inhibitors may prove useful to treat melanomas with mutations in PTEN and AKT; specifically, mTOR inhibitors, which function downstream from Akt in the PI3K pathway, have been used in early studies. Studies of dual inhibition of BRAF and the PI3K/ AKT/mTOR pathway in cells showed induction of melanoma cell apoptosis via a mechanism independent of MEK signaling (Sanchez-Hernandez et al. 2012) . In vitro experiments combining BRAF, MEK, and PI3K/AKT/mTOR inhibitors were able to overcome acquired resistance to BRAF inhibitor dabrafenib (Greger et al. 2012 ). However, phase II studies performed with combinations of everolimus with temozolomide (an alkylating agent) and temsirolimus or tipifarnib with sorafenib (a multikinase inhibitor) failed to show promising clinical activity for metastatic melanoma (Margolin et al. 2012; Dronca et al. 2013 ).
REGULATORY PROTEINS
Tumor suppressors, including p16, p14, p16INK4a/retinoblastoma, and p53, are likely to play a role in senescence and proliferation pathways and may interact with other mutations in melanoma, as reviewed elsewhere (Swick and Maize 2012) . Regulatory protein Hdm2 (also termed Mdm2) has important roles in the RB1 and TP53 pathways and is known to be amplified in a small proportion (3%) of melanomas (Muthusamy et al. 2006) . In vitro studies showed that suppression of melanoma growth via MEK inhibition was potentiated by Hdm2 antagonism (and rescue of p53 function) (Ji et al. 2012) . Another tumor suppressor, neurofibromin 1, was shown in a mouse model to cooperate with BRAF mutations in melanomagenesis by preventing oncogene-induced senescence (Maertens et al. 2013) . Poly (ADP-ribose) polymerase 1 (PARP1) is an enzyme involved in single-strand DNA repair, and a nested case-control study of DNA repair pathway genes in malignant melanoma patients with matched controls identified a PARP1 gene variant to have increased melanoma risk ).
Regulation of Tumorigenesis: Non-ProteinCoding Regions of Genes
Although many studies have focused on protein-coding regions of genes to identify oncogenes, somatic mutations in regulatory regions of genes may also be important in tumorigenesis. Mutations in the core promoter of telomerase reverse transcriptase (TERT), which encodes for the telomerase catalytic subunit, were identified in 71% of 70 melanomas examined, and reporter assays found these mutations to increase transcriptional activity from the TERT promoter (Huang et al. 2013) . Chromatin factors may also play an important role in the regulation of tumorigenesis; a zebrafish model of melanoma was used to identify SETDB1, a histone methyltransferase, to be amplified and accelerate melanoma onset (Ceol et al. 2011) .
GENETIC MUTATIONS ASSOCIATED WITH SITE-SPECIFIC MELANOMAS Uveal Melanoma
Uveal melanoma (also termed ocular melanoma) represents 3.1% of all melanomas (Singh et al. 2001) and has an aggressive clinical course, with up to 50% of lesions metastasizing, often to the liver (Singh et al. 2005) . Uveal melanoma also has very high mortality; one series of 145 patients with metastases from uveal melanoma showed only 13% of patients surviving at 1 yr (Gragoudas et al. 1991) .
Somatic mutations of GNAQ or GNA11 have been identified in 83% of uveal melanomas, which generally lack mutations in BRAF, NRAS, and KIT (Van Raamsdonk et al. 2010) . GNAQ and GNA11 encode members of G-protein a-subunits, which are part of the G-protein-coupled receptor and regulate the MAPK signaling pathway. Mutations in these proteins inactivate a phosphatase, which would otherwise halt activation of the MAPK pathway. A large number of blue nevi contain similar mutations (Van Raamsdonk et al. 2010) , in addition to lesions of Nevus of Ota (also called oculodermal melanocytosis). Nevus of Ota is a risk factor for uveal melanoma, conferring a 4.6% lifetime risk of ocular melanoma (Sahel and Albert 1993) .
Although no treatment targets the G-protein a-subunits directly, targeted therapies directed at protein kinase C (PKC) in uveal melanoma cells harboring a GNAQ mutation inhibited the growth of uveal melanoma via PKC/Erk-1/2 and PCK/NK-kB pathways (Wu et al. 2012) . Another approach that has been studied in vitro is inhibition of MEK and AKT pathways; MEK inhibitor selumetinib and AKT inhibitor MK2206 decreased cell viability in a synergistic manner and may hold therapeutic promise (Ambrosini et al. 2013) .
Somatic-inactivating mutations of BAP1 have also been identified among patients with high-risk ocular melanomas among patients with COMMON syndrome as noted above (Njauw et al. 2012) . A germline BAP1 mutation associated with uveal melanoma has also been identified (Hoiom et al. 2013 ).
ACRAL AND MUCOSAL MELANOMAS
Acral and mucosal melanomas are known to have increased genomic instability and chromosomal aberrations such as DNA losses or gains and changes in amplicons and total copy-number transitions (Curtin et al. 2005) . Frequently, melanomas of these sites harbor a somatic activation of KIT, which encodes a transmembrane receptor tyrosine kinase. Kit is activated by binding of stem-cell factor ligand, which induces dimerization, autophosphorylation, and activation of a variety of downstream signaling pathways. Array comparative genomic hybridization data revealed copy number increases of KIT in 36% of acral and 39% of mucosal melanomas (Curtin et al. 2006) . The overexpression of Kit was identified in 80% of primary vaginal melanomas (Vaysse et al. 2013) .
The prevalence of KITmutations at acral and mucosal sites, in addition to areas with chronic sun-damaged skin, raises questions regarding the role of KIT in melanomagenesis at these sites. Minor et al. (2012) found KIT mutations to be associated with a significantly shortened survival time among stage III or IVacral or mucosal melanoma patients, or those with cumu-lative sun-damaged skin. On the other hand, some melanomas do not respond to KIT inhibition despite the presence of KIT mutations (Carvajal et al. 2011) , suggesting that alterations in KIT are not always therapeutically relevant.
Although KIT mutations are most commonly associated with melanomas of these sites, Puig-Butille et al. (2013) explored the role of RAS-pathway members in acral lentiginous melanoma and found alterations in some pathway members to be present in 87.5% of cases. Using 17 frozen primary acral melanomas, the investigators identified alterations in NRAS (17%), AURKA (37.5%), CCND1 or TERT (31.2%), and NRAS (25%) (Puig-Butille et al. 2013) . Additional mutations in oncogenes and tumor suppressors were identified in acral melanoma cell lines, including BRAF, NRAS, KIT, PTEN, and TP53, in addition to genes that are typical of other types of cancer, including BRCA1 and BRCA2 (Furney et al. 2012) .
Treatment of melanomas with KIT mutations has been attempted using kinase inhibitors such as imatinib, dasatinib, and others. Imatinib mesylate, a small molecule selective inhibitor of receptor tyrosine kinases, was used in a 2009 case report describing a patient with anal mucosal melanoma with a KIT-activating mutation that responded to imatinib; the report also reviewed 12 reported cases with no, partial, major, or complete responses to therapeutic inhibitors with activity targeting c-Kit including imatinib, sorafenib, sunitinib, and dasatinib (Satzger et al. 2010) . A 2010 case report described a patient with two metastases of acral lentiginous melanoma, one of which contained the KIT V559A mutation and responded to imatinib, whereas wild-type gene metastatic disease did not respond (Terheyden et al. 2010) . In 2011, a phase 2 study of imatinib in 25 melanoma patients with KIT mutations showed two complete responses of 94 -95 wk, two durable partial responses of 53 and 89 wk, and two transient partial responses of 12 and 18 wk, suggesting a significant response potential for a subset of patients (Carvajal et al. 2011) .
The multikinase inhibitors sorafenib and dasatinib target c-Kit in addition to other kinases, and case reports and small series show temporary clinical improvement (Quintas-Cardama et al. 2008; Handolias et al. 2010) . Sorafenib has been studied in several phase I, II, and III clinical trials (as reviewed by Mangana et al. 2012 ) and subpopulations of patients experienced benefit from treatment, although biomarkers to identify these subpopulations are lacking.
Genomic Expression Patterns Associated with Aggressive Clinical Course
At the present time, there is no molecular marker for an aggressive clinical course of melanoma, although studies have sought to identify such a signature. Whole-genome expression profiling has been used to identify genes that are differently expressed among localized versus aggressive melanomas and may be used to predict melanoma clinical course. In 2006, Winnepenninckx et al. (2006) identified 254 genes whose expression was associated with melanoma metastases. Recently, a molecular grading scheme for melanoma was constructed using a copy DNA-mediated annealing, selection, extension, and ligation assay for assay-based RNA profiling of primary tumor specimens to classify highand low-grade melanomas on a molecular basis, and found that high-grade melanomas had increased expression of proliferation and BRCA1/ DNA damage signaling genes, whereas lowgrade melanomas showed increased expression of immune genes (Harbst et al. 2012) .
In 2013, a quantitative reverse transcriptasepolymerase chain reaction -based gene signature was identified, based on nine genes, to predict overall survival and distant metastasis-free patient survival independent of the American Joint Committee on Cancer staging at diagnosis. The queried genes are KRT9, KBTBD10, DCD, ECRG2, PIP, SCGB1D2, SCGB2A2, COL6A6, and HES6, and the genetic signatures were validated among a cohort of 44 additional melanomas (Brunner et al. 2013) . Several of the genes associated with metastasis encode stromal proteins, suggesting the importance of the tumor's microenvironment in the clinical course of melanoma. For example, a-catulin is a protein that down-regulates E-cadherin and pro-motes melanoma progression and invasion in vitro (Kreiseder et al. 2013) .
It is likely that mutations associated with dedifferentiation or dysregulated growth are nonspecifically associated with an aggressive clinical course for any tumor type. This is likely the case for CCND1, the gene encoding Cyclin D1, which is a transcription regulator of cyclindependent kinases (CDK4 or CDK6) that alter the cell cycle. For melanomas, cyclin D1 protein expression is associated with Breslow thickness, metastasis, and shorter survival time (Vizkeleti et al. 2012) . A reported aggressive case showed gains in CCND1 copy number by fluorescence in situ hybridization and corresponded to the presence of markedly pleomorphic cellular histopathology and an overall aggressive clinical course . The association of cyclin D1 amplification with poor prognosis is not unique to melanoma, as this trend has been noted among neuroblastomas and tumors of the colorectal tract, breast, pancreatic duct, and types of lymphoma ). Another example is Nectin-like-5 (NECL-5), which regulates cell -cell junctions and has been implicated in malignant transformation in a variety of cell types and was found to be positively correlated with malignancy in melanoma (Bevelacqua et al. 2012) .
CONCLUDING REMARKS
Clinical features may be suggestive of melanoma mutations, which ultimately can be assessed with mutational analysis, often providing insights into therapeutic options for patient management. Chemosensitivity assays and signaling pathway studies may also provide value in the assessment of therapeutic potential of targeted therapies. One reported case describes a patient with metastatic melanoma that lacked mutations in BRAF, NRAS, and KIT, although the MAPK pathway was found to be activated by assay of genomic DNA; a combination treatment with sorafenib and dacarbazine provided a 9-mo partial response for this patient (Passeron et al. 2011) .
A number of clinical phenotypes remain without known genomic associations at this time. For example, lentigo maligna melanoma, aggressive melanomas in the elderly, melanomas of unknown primary site, desmoplastic melanomas, melanomas of pregnancy, and amelanotic melanomas do not have a known association with a specific genetic mutation. Far more striking is the number of genetic mutations that have been associated with melanoma, many of which are associated with unregulated growth and proliferation in a manner that is not specific to melanoma or known to be associated with a particular melanoma clinical phenotype. Many of these mutations have suggested potential targets to explore combinatorial therapy and prevent melanoma treatment resistance.
Downstream mediators of other cellular pathways including apoptosis, antiangiogenic, and immunological targets, although not associated with melanoma-specific gene mutations, will likely also play an important role in disease pathogenesis and management (Ko and Fisher 2011) . Ultimately, a durable response to melanoma treatment may require multiple targeted therapies and engagement of the immune system.
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